ABSTRACT Parallel photovoltaic inverters system can increase the power rating and efficiency. However, the zero-sequence circulating current (ZSCC) will be generated under unbalanced conditions. Therefore, this paper proposes a ZSCC control scheme for the M-paralleled (M ≥ 3) inverters under unbalanced grid voltage and unbalanced filter parameters. Based on the analysis with the proposed generalized model of parallel inverters, it is observed that the ZSCC of the ith inverter is influenced by the output currents, filter parameters, duty cycles and ZSCCs of the ith and first inverters. To eliminate these adverse effects on the ZSCC control loop, a decoupled controller consisting of modified input type PI-quasi-resonant and the feedforward controller is proposed. The modified input type PI-quasi-resonant controller mitigates the effects of the output currents, filter parameters, and ZSCCs, meanwhile, the feed-forward controller is employed to eliminate the difference of duty cycles. Compared with the conventional PI control method, the ZSCC is effectively suppressed with the proposed scheme, thus improving the quality of the currents. Moreover, the reliability of the paralleled system is improved because such scheme only needs the information of the ith and the first inverters. Simulation and experimental results obtained from three-paralleled inverters validate the effectiveness of theoretical analysis and the proposed method.
I. INTRODUCTION
HREE-PHASE voltage source inverters are widely used in photovoltaic system [1] , [2] . It is common to parallel the power modules for their two key advantages. On one hand, the global efficiency becomes higher and the voltage stress on each inverter can be reduced. On the other hand, the parallel system allows creating redundancy, achieving compact design, high power density compared with single large power inverter [3] - [6] . However, the circulating currents will be generated when the parallel inverters are connected directly at both dc-and ac sides, which distort the output current, increase the power losses and degrade the overall performance of system [7] - [10] .
Commonly, the circulating current is composed of the high-frequency components and low-frequency components [11] , [12] . The high-frequency circulating current can generally be mitigated by passive components.
The low-frequency circulating current can be suppressed by hardware, modulation and control scheme. To suppress the low-frequency circulating current, the transformers can be used to cut open zero-sequence circulating path [13] , [14] . However, it has disadvantages that the weight and size of parallel system are increased, and the efficiency is decreased.
Other works proposed a series of modulation strategies [15] - [18] . For example, selective harmonic elimination (SHE) PWM method was proposed for eliminating the triplen harmonics [15] , [16] . A modified space vector modulation and multicarrier PWM method was proposed to reduce the low-frequency zero-sequence circulating current (ZSCC) and common mode voltage [17] , [18] .
To further suppress ZSCC, active control methods were also proposed. The detailed analysis of ZSCC generation mechanism was proposed in [19] , [20] , where the proportional integral (PI) control method was presented for ZSCC suppression. On this basis, a deadbeat control method was proposed for improving the performance of the ZSCC suppression [21] . The master-slave control method was used in photovoltaic applications for circulating current suppression as detailed in [22] . In [23] , [24] , a nonlinear controller based on space vector modulation (SVM) was proposed for suppressing the circulating current. Nevertheless, it was complicated to implement in the practical applications.
In practice, the unbalanced grid voltage is quite common in the real power systems, particularly in a weak ac system that may frequently occur. The unbalanced grid voltage may degrade the performance of system. In such circumstances, more advance current control techniques were employed to ensure the high quality of grid currents for the single inverter [25] - [29] . Unfortunately, the control method for the paralleled inverters under the unbalanced grid voltage condition has not been paid much attention. The currents under unbalanced grid voltage condition can be divided into positive-sequence, negative-sequence, and zero sequence current. And the circulating currents were suppressed by the PI controller [30] , [31] . This approach is easy to implement and obtains a better circulating current suppression performance under unbalanced grid voltage and balanced filter parameter.
However, under unbalanced filter parameter and unequal currents condition, differences in reference currents, filter parameters, ZSCCs between inverters will lead to different zero-sequence duty ratios. In this situation, the ZSCC suppression performance will be deteriorated with the conventional PI controller. To overcome these limitations, a repetitive controller in two paralleled three-level inverters was designed to mitigate the disturbance caused by unbalanced filter parameters and unbalanced grid voltage [32] . Nevertheless, it is necessary to note that for parallel two-level inverters operation, the ZSCC suppression issues are different from the case with parallel three-level inverters. Thus, the above mentioned ZSCC reduction method for parallel three-level inverters cannot be directly employed. Most importantly, the application of control method under unbalanced conditions is limited to two paralleled inverters, while the interactions of ZSCC controllers for M -paralleled (M ≥ 3) inverters are overlooked.
Therefore, in this paper, under unbalanced grid voltage and unbalanced filter parameters, the generalized model of M -paralleled inverters is proposed and analysis. It is observed that the ZSCC of ith inverter is influenced by the output currents, circuit parameters, duty cycles and the ZSCCs of the ith and first inverters. To eliminate these adverse effects on the ZSCC control loop, a decoupled controller consisting of modified input type PI-quasi-resonant and feed-forward controller is proposed. The modified input type PI-quasiresonant controller mitigates the effects of output currents, filter parameters and the ZSCCs, meanwhile, feed-forward controller is employed to eliminate the difference of duty cycles. Compared with conventional PI controller, better ZSCC suppression performance can be achieved by using the proposed method although it exists unbalanced grid voltage, unbalanced filter inductors and unequal currents. The advantage of the proposed control is that such control scheme only needs the information of the ith and the first inverters so that it will not be impacted during increasing or decreasing the number of paralleled inverters with the practical requirement.
The remainder of this paper is organized as follows. In Section II, the generalized ZSCC model of M -paralleled inverters under unbalanced operating conditions is developed. Based on these theories, the model analysis of ZSCC with zero vectors correction factor is derived in Section III. Then, a modified input type PI-quasi-resonant and feed-forward controller are proposed for ZSCC suppression in section IV. In Section V, simulation and experimental results validate the effectiveness of the proposed control approach. Finally, some conclusions are given in Section VI.
II. GENERALIZED MODEL OF PARALLEL INVERTERS UNDER UNBALANCED CONDITION
Assuming that parallel three-phase inverters are connected to the ac grid through filter inductors as illustrated in Fig. 1 . Ideally, if the parallel inverters are with equal currents and parameters, no circulating current would be generated. However, in practical applications, the filter parameters and the output currents are usually unequal. Thus, circulating current would be generated. The ZSCC of ith inverter can be defined as
where i ai , i bi , and i ci are the currents of the ith inverter, i = 1, 2, . . . , M represents the number of inverters.
Choose the negative pole of dc-link voltage as the reference point, then from Kirchhoff's voltage, the average model of the ith inverter under unbalanced condition can be obtained as
where L xi is the inductance of the ith inverter; e x is the grid phase voltages; u ON is the voltage between the grid neutral point O and negative pole N ; d xi is the duty ratio of three phase of parallel modules (i), x = a, b, c.
When unbalanced grid voltage occur, the fundamental components of unbalanced grid voltage can be expressed as
where E P , E N , and E Z are the amplitudes of positivesequence, negative-sequence, and zero-sequence voltages, respectively.
In order to control the active and reactive current and circulating current, the model should be transformed from the stationary reference frame to the positive-sequence synchronous reference frame, which can be expressed as
where ω is the grid fundamental angular frequency.
and L ci . These variables are expressed as
From (5), it can be seen that double-frequency oscillations will be generated in active and reactive currents under unbalanced grid voltage and unbalanced filter inductance. Therefore, the quasi-resonant term is added to conventional PI controller to eliminate the oscillations [32] - [34] . The transfer function of PI-quasi-resonant controller can be expressed as
where ω 0 is set as double the angular frequency of grid voltage for eliminating the negative sequence components in active and reactive currents. ω c decides the bandwidth around resonant frequency and can be expressed as
where f 0 is the fundamental frequency of ac grid voltage, f is the percentage of frequency fluctuation of ac grid voltage. Assuming the frequency fluctuation of ac grid voltage is ±2%, ω c is set as 6.28 rad/s.
Besides, from (4) one can see that the ZSCC is coupled with the active-reactive current system. Assuming the active and reactive currents are well controlled with negativesequence components eliminated, thus, ZSCC mathematical model can be simplified as
where the zero-sequence duty ratio d zi of ith inverter is defined as
And u ωzi can be expressed as
It can be seen from (10) that u ωzi is a ac variable resulted from the difference in filter inductances.
Hence, the M -paralleled inverters system can be simplified as a circuit diagram shown in Fig. 2 .
For the parallel system with M inverters, the sum of ZSCCs in M inverters is equal to zero.
Consequently, the voltage u ON and E Z cos ωt can be derived from (8) to (11) as
Then, substitute the voltage u ON and E Z cos ωt into (8), the zero-sequence circulating current in the ith inverter can be expressed as
From (13), it can be seen that the ZSCC is influenced by the interactions of other paralleled inverters. The ZSCC suppression would be complicated.
To decouple the interactions of other paralleled inverters, the u ON and E Z cos ωt of (M -1) inverters are eliminated by subtracting the ZSCC i z1 . The mathematical model of ZSCC can be re-written as (14) where the ZSCC of ith inverter can be represented as
Applying (14) and (15) to all the inverters yields the statespace equations in matrix form as
where matrix B 1 , B 2 can be expressed as
Compared with (13) , the advantage of the proposed model is that only the information about the circuit parameters, zero sequence duty ratios, current and ZSCC of ith inverter and the first inverter are needed. The control system will not be more complicated when the paralleled numbers are increased or decreased. 
III. MODEL OF CIRCULATING CURRENTS WITH ZERO VECTOR CORRECTION FACTOR
SVM is usually used in the three-phase inverter for higher dc-link voltage utilization, lower switching losses, easily realized in digital system. As shown in Fig. 3 , the reference voltage vector is composed of two zero vectors V 0 and V 7 and two nonzero vectors V i (i = 1, 2, . . . , 6) in per switching cycle. To achieve the minimal number of switching states commutation, a seven-segment switching sequence is adopted in SVM. Assuming that the reference vector V * is located in the sector I (Fig. 3) For the parallel system with M inverters, the sum of ZSCCs is equal to zero. Therefore, if the ZSCCs of (M -1) inverters are controlled, the ZSCC of the first inverter will be controlled correspondingly.
Therefore, to suppress the ZSCC, only (M -1) inverters need to be controlled. The modified switching transition times of each phase in the ith inverter are expressed as t ai ', t bi ', t ci . (19) where t a , t b , t c are state-switching times, T s is the sampling time. y i is the controlled variable.
Substituting (9) and (19) into (16) by the modified switching transition times t ai ', t bi ', t ci , the mathematic model of ZSCC can be described as The Laplace Transform of (20) is expressed as
So the control variable y i (s) can be calculated by (21) as
From (22), it can be seen that the zero-axis current control system of parallel inverters is a first-order system with two disturbances u ωzi -u ωz1 , d zi -d z1 . The modified input type PI-quasi-resonant controller regulators are applied for eliminating the effects of u ωzi -u ωz1 , filter parameters and the ZSCCs of the ith inverter and the first inverter.
The output of PI-quasi-resonant controller can be obtained as
However, the modified input type PI-quasi-resonant controller cannot eliminate the disturbance when the reference currents and parameters of each inverter are unequal. Therefore, the improved feed-forward control method is proposed for resisting the disturbance produced by duty ratio of the ith inverter and first inverter. The control block diagram of the ZSCC in the ith inverter is shown in Fig. 4 .
With the proposed modified input type PI-quasi-resonant and feed-forward control strategy, the control variable y i can be expressed as
2k rzhi ω c s
To stabilize the system, the value of the switching transition times should be larger than zero. Therefore, the controlled variable y i should be satisfied as (25) where t mini = min(t ai , t bi , t ci ).
Assuming that the reference vector V * is located in the sector I (Fig. 3) , the switching transition times of zero vector [000] in ith inverter is t ai + y i T s > 0 and the duty ratio of zero vector [111] in ith inverter is 2t ai -2y i T s > 0 in each PWM period shown in Fig. 5 , where the controlled variable y i satisfies
The modified dwell time of null vectors [000] and [111] are shown in Fig. 5 .
The principle of ZSCC suppression based on the proposed modified input type PI-quasi-resonant and feed-forward control method with M -paralleled inverters is shown as Fig. 6 . In M -paralleled inverters, if the ZSCCs of (M -1) inverters are controlled, the ZSCC of the first inverter will be controlled correspondingly. So there is no ZSCC controller in the first inverter. In the second inverter, only the duty ratio, filter inductor, ZSCCs of the first and second inverter is considered. The PI-quasi-resonant controller mitigates the effects of output currents, circuit parameters and the ZSCCs. Meanwhile, the difference of the d z2 -d z1 is compensated by feed-forward control method. Thus, the ZSCC between the first and second inverter can be suppressed to zero. Similarly, the method can be expanded to M -paralleled inverters. Therefore, with the increasing or decreasing of the paralleled numbers, the control system of ith inverter will not be impacted.
IV. SIMULATION AND EXPERIMENTAL RESULTS
To verify the validity of theoretical analysis, both simulations and experiments are performed. Parameters for the simulation and experiment are shown in Table 1 . In all test cases, the conventional PI control strategy and the modified input type PI-quasi-resonant + feed-forward control strategy are used in the control system to compare their control performances. The same PI parameters in the PI controller and proposed method are employed, where k zp = 0.1, k zi = 0.2.
A. SIMULATION RESULTS
Three paralleled inverters are performed using Matlab/ Simulink. In order to prove the effectiveness of the proposed method, three test cases are considered.
1) CASE I
In this case, the grid voltage is unbalanced, the filter parameter is unbalanced and the reference currents are equal, where
From the performance of the system, with the conventional PI control strategy and the proposed control strategy are shown in Fig. 7 and Fig. 8 , where it can be seen that by using the proposed method, the peak of difference ZSCCs is reduced from 2A to around 0.6A.
2) CASE II
In this case, the grid voltage is unbalanced, the filter parameter is unbalanced and the currents are unequal, where Fig. 9 , the output currents are distorted using the conventional PI control strategy. To deal with this problem, the proposed control method is applied, the ZSCC can be suppressed to a very small range, and distortions in output currents are eliminated. The improved ZSCC and output currents waveforms of three parallel inverters are shown in Fig. 10 . The THD of currents in three parallel inverters using different methods are shown in Table 2 .
3) CASE III
This test case, combination of previous test cases is created: the grid voltage is unbalanced, the filter parameter is unbalanced, where 
. A dynamic response is tested under the reference current i d2_ref change from 15A to 20A. Fig. 11 shows waveforms of the phase currents, and the zero sequence current when the proposed control scheme is implemented. In this test, three inverters are running in different currents condition and then inverter 2 changes from 15A to 20A in 0.15 second. From  Fig. 11 , it can be seen that the switching actions cause less ZSCC during the transient process.
B. EXPERIMENTAL RESULTS
To verify the proposed approach, experiments are performed in a three parallel inverters shown in Fig. 12 . The proposed scheme is implemented in a dSPACE and CPLD with the synchronous PWM. The unbalanced voltage is generated by a programmable ac power supply. The switching frequency is 10kHz. The power rating of the two-level inverter system is 20kVA.
In order to validate the effectiveness of the proposed control method, four test cases are considered.
1) CASE I
In this case, the grid voltage is balanced, the filter parameter is unbalanced and the reference currents are equal, where Fig. 13 shows the experimental results of the grid current 69126 VOLUME 6, 2018 and ZSCC when only a conventional PI current controller is used. In Fig. 13 , even the reference currents are equal and the grid voltage is balanced, the ZSCC cannot be completely suppressed by the PI controller. It is because the effect of unbalanced filter parameter between the inverters cannot be completely eliminated. In order to prove the effectiveness of the proposed modified input type PI-quasi-resonant and feedforward control strategy, an experiment is carried out with the same condition as mentioned above and results are shown in Fig. 14. In Fig. 14 , better ZSCC suppression result can be achieved by the proposed method. The distortions in output currents are practically mitigated. 
2) CASE II
In this case, the grid voltage is balanced, the filter parameter is unbalanced and the reference currents are unequal, where
In Fig. 15 , as the PI control strategy is employed, the ZSCC suppression performance can be improved to a certain extent, but dissatisfied. It is because the effects of unbalanced filter VOLUME 6, 2018 parameter, ZSCCs, currents between the inverters cannot be eliminated. In Fig. 16 , with the proposed control method is utilized, the ZSCC can be restricted to a very small range, and the distortion of output current is eliminated.
3) CASE III
In this case, the grid voltage is unbalanced, the filter parameter is unbalanced and the reference currents are unequal, where e a = 110V, 
In Fig. 17 , the ZSCC can only be partly suppressed when the conventional PI control scheme is employed. The output currents of three inverters are seriously distorted even adopting by the PI control strategy.
In Fig. 18 , the better ZSCC suppression effect is achieved when the proposed scheme is adopted, and as expected, the quality of current waveforms is comparable with that when the grid voltage is balance.
4) CASE IV
Along with a good steady-state performance, the proposed control method also offers a good dynamic performance under the reference current change. In this test, Fig. 19 shows transient response experimental results of the phase currents, and the zero sequence current when the proposed control scheme is implemented in three inverters. It can be seen that the ZSCC is nearly eliminated by the proposed method during the transient process. The better output currents can be achieved while using the proposed control method.
V. CONCLUSIONS
This paper proposes a modified input type PI-quasi-resonant and feed-forward controller in M -paralleled inverters for suppressing the ZSCC. Based on the analysis with the proposed model of parallel inverters, it can be seen that the ZSCC of ith inverter is influenced by the output currents, filter parameters, duty cycles and the ZSCCs of the ith and first inverters. To eliminate these effects, a modified input type PI-quasiresonant and feed-forward controller are proposed. The modified input type PI-quasi-resonant controller mitigates the effects of output currents, circuit parameters and the ZSCCs, meanwhile, feed-forward controller is employed to eliminate the difference of duty cycles. The advantage of the proposed control is that, to control the ZSCC of ith inverter, there is only using the information about first inverter. The ZSCC can be effectively suppressed with the proposed method in the case of unbalanced grid voltage and filter inductances. The performance of the proposed method has been proved in steadystate and transient operation conditions by the simulations and experimental results.
